Introduction
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In organic optoelectronic devices such as organic light emitting diodes (OLEDs) and organic solar cells (OSCs), metal oxides have been widely used as charge transport layers due to the universal energy-level alignment trends between the active layer and the electrodes. [1] [2] [3] [4] [5] [6] [7] [8] For hole transport layer, one of the most 25 promising metal oxide materials is molybdenum oxide (MoO x ), which has good alignment of energy-level and more stability as compared to other commonly used hole transport materials such as acidic poly(3,4-ethylenedioythiophene):poly(styrenesulfonate) (PEDOT:PSS). 9-11 30 Besides the typical methods such as sputtering and thermally evaporation, solution processed MoO x has drawn great attention for applications in different structures of OSCs, which acts as the interfacial layer between the anode and the active layer. 12, 13 However, there are a number of challenges in processing solution 35 MoO x film on the active layer of inverted OSCs at roomtemperature. First, instead of the commonly used water 11, 14 and organic solvents such as methanol, 15 , 16 xylene 17 , we select isopropanol (IPA) as the solvent of MoO x solution, which has the negligible influence on the active layer. [18] [19] [20] [21] Second, the 40 widely used precursor methods 15, 22 for forming MoO x film with good hole transport properties usually require thermal annealing process. Unfortunately, many polymer materials cannot sustain such high annealing temperature, which would subsequently cause inherent modifications in crystallization or molecular 45 scission, [23] [24] [25] and thus deteriorate device performances. Recently, metal oxides from low-temperature solution-process methods used as hole transport layer for inverted OSCs have been reported by others. 21, 26 However, the device performances of these OSCs
are not yet comparable to those of inverted OSCs using other 50 efficient hole transport layers. Meanwhile, there is not clear study on metal nanoparticle-metal oxide composites by roomtemperature and solution-based process as efficient hole transport layer in organic optoelectronic devices. In this work, a water-free, room-temperature and solution-55 processed approach to form MoO x film is demonstrated. The film can be used as an efficient hole transport layer of inverted OSCs. We propose to (1) introduce vacuum treatment to modify the work function of solution-processed MoO x film to form efficient hole transport layer without any annealing process. Meanwhile, 60 for the practical application of the film and elimination of water induced degradation, we (2) target for water-free in forming the film. In order to favor the MoO x film formation from hydrogen molybdenum bronzes, 27 we (3) dedicate to select a solvent with low boiling point for our solution process. Isopropanol which 65 has low boiling point and does not degrade the underneath active polymer layer is adopted. 21 The inverted OSCs using our solution-processed MoO x have comparable performances as those using thermally evaporated MoO 3 film. Moreover, we can (4) further improve the electrical properties of the MoO x hole 70 transport layer by introducing silver nanoparticles (Ag NPs) for forming Ag NP-MoO x composite film which is difficult to be realized by conventional evaporation approaches. The analyses 
Results and Discussion
To form molybdenum oxide film from proper solution approach, 20 we oxidize molybdenum powder by using hydrogen peroxide in ethanol. Importantly, ethanol is used to control the oxidation rate of molybdenum by hydrogen peroxide to obtain hydrogen molybdenum bronze solution as described in experimental section. The synthesized hydrogen molybdenum bronze solution 25 is dried and dissolved into IPA without any water. After spincoating the solution directly onto the active layer of OSC, the sample is treated at room temperature in 10 Pa vacuum chamber for 10 min. Finally inverted OSCs are completed with thermal deposit silver anode. More details of the synthesis and film 30 formation can be found in experimental section. The optimized thickness of MoO x film of inverted OSCs is 8 nm through the devices performances, which can be found in ESI Fig. S1 . Inverted structure OSCs with its intrinsic stability and easy fabrication method, are commonly formed by using thermally 35 evaporated MoO 3 as hole transport layer. 28, 29 Compared with the control devices with thermally evaporated MoO 3 , the solar cells with the solution-processed MoO x thin film have similar device performances, while our approach have the features of water-free, room-temperature, and solution based process. As shown in Table  1 and Fig. 1 enhanced and perform better than control devices, as will be described later.
Contributions of the vacuum treatment
The challenges to make the solution-based process MoO x at room temperature functioning as highly efficient hole transport layer 60 for inverted OSCs lie at (1) forming the MoO x layer without any thermal annealing, (2) achieving good hole transport properties, and (3) realizing suitable work function. Here, with the strategic selection of IPA (i.e. low boiling point and not degrading the underneath active layer), we propose to use vacuum treatment.
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To investigate the reason of the room-temperature solutionprocessed MoO x film working as an efficient hole transport layer on the active layer of inverted OSCs, the properties of MoO x thin film formed before and after the vacuum treatment have been studied. The energy band structure of the MoO x film is 70 investigated by ultraviolet photoelectron spectroscopy (UPS) measurement. The UPS spectra of the MoO x film after 10 minutes of vacuum treatment at 10 Pa and control MoO x film without the vacuum treatment are shown in Fig. 2 . The results illustrates that MoO x thin film with the vacuum treatment has 75 clear shift at Fermi edge and secondary-electron cut-off as compared with the control film, depending on Fermi Level (E F ) shift of MoO x thin film. 15 The energy difference between conduction band (CB) and valance band (VB), i.e. the optical band gap (E opt ), can be determined from the extrapolated line of 80 the linear part of photon energy curve in the plot of (αhν) 1/2 and hν (see ESI Fig. S2 ). E opt is the intersection of the extrapolated line and the energy axis (hν). The energy-level of CB and VB can be calculated following the description in elsewhere. 30 So the 10 schematic band diagram of the bulk heterojunction OSCs using blend P3HT:PCBM is shown in Fig. 3a . Details of the energylevel shift of the MoO x films with and without vacuum treatment can be found in Fig. 3b . From the analysis, it indicates that the work function of the MoO x film can be significantly modified 15 from the original 5.75 eV to 5.43 eV by vacuum treatment, which is more suitable for applying as hole transport layer of OSCs. In order to determine the origin of the work function change of MoO x film due to the vacuum treatment, high-resolution X-ray photoelectron spectroscopy (XPS) measurement is used to study universal energy-level alignment ability.
Ag NP-MoO x composite film for high performance inverted OSCs
To achieve further performance improvement of our roomtemperature solution-processed MoO x , we introduce Ag NPs into Table 2 and Table 3 , and their J-V characteristics are shown in This indicates the holes are more efficiently extracted to anode by using the Ag NP-MoO x composite as the hole transport layer. Another evidence can be obtained from transient photo-generated voltage (TPV) measurement. The TPV measured using the excitation source of 532 nm picoseconds laser pulse shows that 40 the transient voltage of the device with Ag NP-MoO x composite film decays faster than that of those devices without Ag NPs, which are shown in ESI Fig. S8 . This indicates that the carrier will transfer faster through the Ag NP-MoO x composite film to anode as compared to that of the pristine MoO x and evaporated 45 MoO 3 film. 47 It should be noted that the hole dominated device and TPV measurement of the OSCs with the solution-processed MoO x film overlap with that of the evaporated MoO 3 film. This re-confirms that the room-temperature solution-processed MoO x film functions as good as the evaporated MoO 3 film as described 50 before. Consequently, our results show that the room-temperature solution-process Ag NP-MoO x composite film can clearly work as efficient hole transport layer and improve the PCE of inverted OSCs. We also demonstrate that the improvement is mainly due to the enhanced electrical properties of the hole transport layer by 55 introducing Ag NPs to form the Ag NP-MoO x composite film.
Conclusion
In conclusion, a new approach with the features of water-free, ), forming hydrogen molybdenum bronzes (H x MoO 3 ). Finally, the remained solvent was exhausted in dry box, after which the obtained molybdenum bronze was dissolved into IPA with a concentration of 1 mg ml -1 .
Inverted OSCs device fabrication
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The device structure of inverted OSCs was ITO/TiO 2 /polymer blend active layer/MoO x /Ag. The sheet resistance of the ITO was 15 Ω -1
. The glass substrate was cleaned with detergent, acetone and ethanol, and then treated under UV-ozone for 15 min. The TiO 2 film with a thickness of ~20 nm was made by spin-coating 35 TiO 2 nanocrystals onto the ITO followed by 150 °C baking for 10 min. TiO 2 nanocrystals solution was prepared by the nonaqueous method in previously reported paper. 48 In our inverted OSCs, the active layer was the robust polymer blend of P3HT:PCBM and small band material of PBDTTT-C-T:PC 71 BM. The P3HT:PCBM 40 solution (20 mg ml -1 : 20 mg ml -1 , in 1,2-dichlorobenzen) was filtered and spin-coated. The sample was solvent annealed for 1 hour and annealed at 120 °C for 10 minutes to form a film with a thickness of ~220 nm. For small band gap materials, PBDTTT-C-T:PC 71 BM solution (10 mg ml -1 : 18 mg ml -1 , in chlorobenzene, 45 with 3% volume ratio 1,8-diiodooctane (DIO)) was filtered and spin-coated to form a film with a thickness of ~100 nm. After spin-coating the active layer, it was put in the vacuum chamber of ~10 Pa for 1 hour to remove the DIO. Our newly synthesized molybdenum bronze solution was spin-coated onto the active 50 layer with an optimized 3000 rpm. Then the sample was quickly put into 10 Pa vacuum chamber for 10 min treatment. The control device was fabricated by using thermally evaporated molybdenum oxide layer with an optimized thickness of 10 nm. Silver anode of thickness 100 nm was finally evaporated onto the 55 interfacial layer with a mask of 0.045 cm 2 area. In fabricating the hole dominated devices with the structure ITO/PEDOT:PSS(30 nm)/P3HT:PCBM/MoO x /Ag, the same fabrication process of active layer as in the inverted structure OSCs has been used and the active layers thickness ~220 nm for all hole dominated 60 devices.
Synthesis of Ag NPs and Ag NP-MoO x composite film
To improve electrical properties of our solution processed MoO x film, Ag NPs were incorporated into molybdenum bronze solution. Ag NPs were synthesized by mixing 1 mmol Ag acetate, NPs, molybdenum bronze solution was first concentrated to 2 mg ml -1 , after which, it was mixed with the same volume of different diluted concentration of Ag NPs solution. Microscope.
Measurement and characterization
characteristics of OSCs with Ag NP-MoO x composites, IPCE of compared OSCs using small band gap material polymer blends with different interfacial layers, J-V characteristics of hole dominated devices with different interfacial layers, TPV measurement of OSCs with different interfacial layers, and SEM images of pristine MoO x film and Ag NP-
